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In this chapter we review the basic concepts relevant for the discussion of charge, spin
and heat transport in some technologically important devices such as the spin valve and
graphene field effect transistors. We first introduce the generalized linear formulation
of near-equilibrium transport from which the Onsager reciprocity relation is obtained.
After the charge Seebeck and Peltier effects are introduced, we present spin-dependent
charge and heat transports in the framework of Mott’s two-current model for spin-up
and spin-down electrons. Various spin-dependent electrical and thermal phenomena in
metallic systems and thermoelectric effects in graphene are finally reviewed.
2.1 General formulation of (thermo) electric transport
In this section we present the basic formulation of the Onsager-Callen transport
equation for transport occurring near-equilibrium [1, 2]. In linear response, these





LijXj (i = 1, 2, 3, · · ·n), (2.1)
where Lij are transport coefficients that can be related to experimentally measurable
quantities. While the diagonal elements for which i = j links primary flows to their
driving forces, the off-diagonal coefficients with i 6= j relate the coupling (interplay)
between two or more flows. To apply this formulation to thermoelectricity the flux–
force pair should be properly chosen such that the sum of the product of sources and
fluxes, at stationary state, is minimum [1, 2]. For small deviations from equilibrium,
the Onsager reciprocal relations dictate that Lij = Lji. Such symmetry relations,
which are widely used in thermoelectrics [1, 2], mesoscopic charge transport studies
[4], spintronics [5, 6] and spin caloritronics [7, 8], are useful in understanding the
underlying physics and reducing the number of independent transport coefficients.
In thermoelectrics, the interplay between the charge current density ~J , driven by
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voltage gradient ~∇µc, and heat current density ~Q, driven by temperature gradient













Here σ is the electrical conductivity, S is the thermopower (Seebeck coefficient),
Π = ST0 is the Peltier coefficient at a temperature T0 and κ is the thermal conductivity.
The electrochemical potential µc = µ− |e|V is comprised of the chemical potential
µ and the externally applied voltage V . A gradient in µc can be caused by either
changing µ or by the application of an electric field. The transport coefficients in
Eq. (2.2) are not independent from each other and can be related using simple kinetic
theory of transport, as discussed in the following sections.
2.2 Electrical and thermal conduction in metals
2.2.1 Electrical conduction: Ohm’s law
Metals are characterized by their large density of electrons, making them good
electrical as well as thermal conductors. When no electric field or temperature
gradient is present, the time averaged thermal motion of electrons does not lead to a
net charge or energy transport from one end of the conductor to the other. Under
isothermal conditions, when a finite negative voltage −VL is applied to the left
contact the electrochemical potential µL is raised by eVL with respect to the right
electrochemical potential µR thereby causing a shift in the Fermi sea in the direction
of the flow of electrons, indicated by dashed circles in the top panel of Fig. 2.1(a). The
resulting charge current density ~Je is proportional to the electrochemical potential












where n is the number density of free electrons,m? is the effective mass of the electron
and τe(E) = le(E)/vF is the energy-dependent scattering time defined in terms of
the mean free path le and the Fermi velocity vF . For a three dimensional diffusive
system, with device dimensions larger than le, the energy dependence of σ can be
understood using Einstein’s relation:
σ(E) = e2N(EF )v
2
F τe(E)/3, (2.4)































Figure 2.1: (a) Electrical conduction and (b) heat conduction in a metallic conductor. In (a) the
negative voltage bias on the left end of the conductor raises the potential energy of the electrons
thereby causing electrons to drift to the right. Top panel: A momentum space distribution
function diagram showing a Fermi sea of electrons that is shifted in the direction of the electron
flow. In (b) the application of a temperature bias on the right end of the conductor results in a
broad distribution tail to high energies. At energies aboveEF , the DOS on the hot side is larger
than on the cold side, leading to a diffusion electron current Je from the right to the cold side.
The opposite is true below EF where electrons flow from the cold to the hot side, denoted as
hole current Jh. Under open-circuit condition, due to the electron-hole asymmetry, the net
electron current Je − Jh flowing from the hot to the cold side leads to a Seebeck voltage.
where N(EF ) is the density of states at the Fermi energy. Generally σ increases with
energy due to the increase in the density of states (DOS) at higher energies. However,
the availability of empty states at higher energies means the mean scattering time and
hence mean free path is reduced. It is this interplay between the energy dependence
of the DOS and τe that mainly determines σ. In Section 2.3, we will use Eq. (2.4) to
illustrate how the energy dependence creates electron-hole asymmetry around the
Fermi energy that gives rise to thermoelectric effects.
2.2.2 Thermal conduction: Fourier’s law
When the same metal is subjected to a temperature difference, with no additional
voltage, the electrons on the hot side will have larger thermal energy than the
electrons on the cold side [9], indicated with longer arrows in the top panel of
Fig. 2.1(b). The hot electrons diffusing down the temperature gradient will carry
more thermal energy than the cold electrons diffusing to the right. The heat current
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density ~Q carried by the electrons is proportional to the temperature gradient ~∇T















where n is the number density, τκ(E) is the energy dependent scattering time for
heat transprot and κe should be taken as the electronic thermal conductivity under
open circuit conditions. It can be shown that, in short circuit conditions, a correction
by thermoelectric effects need to be included (see Section 2.3.3).
2.2.3 Wiedemann-Franz relation
When comparing the expression for σ in Eq. (2.3b) with that for κe in Eq. (2.5b), one
immediately notices that these two bulk properties of any conducting material are







with L0 = 2.44 × 10−8 V2 K−2 is the Lorenz number (not Lorentz number). For
any temperature T , the ratio in Eq. (2.6) is L0T when τe = τκ, i.e., when common
relaxation times are assumed both for charge and heat transport. The validity of
the WF relation greatly depends on the nature of the dominant electron scattering
mechanisms—elastic scattering (no or little energy exchange) or inelastic scattering
(with large energy exchange). The WF relation is valid when elastic scattering of
electrons dominates such that τe = τκ. On the other hand, inelastic scattering of
electrons, for instance, from lattice vibrations (phonons) hinders the flow of heat
more than it affects charge current thereby causing the WF relation to fail. In some
semiconductors and 2D materials such as graphene additional thermal conduction
mechanisms via the phonons and other excitations may become important [10]. This
is in contrast to metallic systems where the electronic contribution dominates over
that of the lattice [9, 11].
2.3 Thermoelectric effects in metals
So far we only considered the independent flow of charge and heat without any
interaction between them that would give rise to thermoelectric effects such as the
Seebeck and Peltier effects.












Seebeck effect Peltier effect
∆ =− ∆V S T =ΠPeltierQ j
Figure 2.2: (a) The Seebeck effect. When the two dissimilar materials are joined and their ends
are kept at two different temperatures, a charge current proportional to the Seebeck coefficient
difference of the two materials flows in the closed circuit condition. (b) The Peltier effect. When
an electrical voltage is applied across a circuit comprising of two isothermal junctions made of
two dissimilar materials, heating or cooling occurs at the junctions depending on the current
direction. Although these two effects manifests themselves when two dissimilar materials are
joined, they are essentially driven by the bulk transport coefficients of a material [13]. It is only
at the junctions between two dissimilar materials that the effects become measurable.
2.3.1 The Seebeck effect
The Seebeck effect describes the generation of an electrical voltage from heat current
when two ends of a conducting material are kept at different temperatures. To
illustrate this we refer back to Fig. 2.1(b) (bottom panel) where a conductor is subjected
to a temperature gradient. On the hotter side, thermal excitation of electrons to
higher energies broadens the Fermi-Dirac distribution (f ) to a few kBT around the
Fermi energy. For energies above EF , the Fermi function of the right contact fR is
larger than the Fermi function at the left fL leading to a diffusion of electrons from
the right to the left. The opposite is true for energies below EF where electrons
flow from the cold to the hot end of the metal. Only when the scattering of the
oppositely diffusing hotter and colder electrons is energy dependent (electron-hole
asymmetry), the temperature bias ∆T leads to a thermoelectric voltage ∆V = −S∆T
across the conductor, as shown in Fig. 2.1(b). In a degenerated diffusive system and
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where σ(E) is the energy dependent conductivity of the material. The sign and
magnitude of S depends on the energy dependence of τe [see Eq. (2.4)], which in turn
depends on the actual band bending and different scattering mechanisms around
the Fermi energy. Materials with strong density of states variation around the Fermi
energy, for instance transition metal alloys, semi metals, semiconductors and class of
two-dimensional materials including graphene, are good thermoelectric materials.
The Seebeck effect is widely employed in local and accurate temperature sensing
applications using thermocouples.
2.3.2 The Peltier effect
In the Peltier effect, which is the inverse of the Seebeck effect, a charge current j
flowing at a junction of two dissimilar materials, with different Peltier coefficients,
results in the evolution or absorption of a Peltier heat current Q = Πj depending on
the charge current direction, as shown in Fig. 2.2(b). Compared to the Seebeck effect,
measuring the Peltier coefficient of a material is more difficult due to the omnipresent
and dominant irreversible Joule heating. Estimation of the magnitude and sign of
Peltier coefficient is usually made using the Thomson-Onsager relation Π = ST0 that
relates the two quantities at any temperature T0.
2.3.3 Figure of merit and power conversion efficiency
A thermoelectric device is a power conversion unit that converts heat energy into
electricity or vice versa. Despite their low efficiency they are widely used in power
generation and heat scavenging applications, for instance, in NASA’s spacecrafts for
space exploration. The power conversion efficiency that relates the absorbed heat at
the hot junction to the power supplied to the load can be determined as [13]
η =
√
1 + ZT¯ − 1√
1 + ZT¯ + TCTH
,
where T¯ = (TC +TH)/2 is the average temperature, TC (TH ) is the temperature of the
cold (hot) junction, ZT (where Z is the figure of merit and T is temperature) is the
dimensionless quantity called the figure-of-merit given in terms of the thermoelectric
transport coefficients as
ZT = S2σT/κ. (2.8)
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The total thermal conductivity constitutes, in addition to the electronic contribution
(κe), the phonon contribution (κph) and in some cases the magnon contributions (κm).
In the literature two different definitions of κ exist, one for the case of an open circuit
κOC and another for the closed circuit κSC conditions. These thermal conductivity
values are related to each other by κSC = κOC(1 +ZT ) and for maximum conversion
efficiency the ratio κSC/κOC should be maximum [14]. For metallic systems, it is
often the case that, κSC ' κOC and hence ZT is close to zero. From Eq. (2.8) it becomes
clear that one needs to increase the power factor S2σ and simultaneously decrease
κ so as to increase ZT . In the past few decades, enhancing the Seebeck coefficient
by modifying the band structure and also reducing the thermal conductivity via
nanostructuring have been the main research directions. Because these bulk transport
and thermoelectric materials are strongly linked to each other, selectively tuning one
without changing another parameter is often a complicated task. Although there is
no theoretical limit for ZT , the maximum obtained so far at very high temperatures
is only ZT = 2.6 for SnSe single crystals [15]. For thermoelectric devices to compete
with existing power conversion technologies, at least, a ZT of 4 is needed [13]. An
alternative way to tune ZT is to use magnetically active devices such as magnetic
tunnel junctions [16, 17] and metallic nanopillar spin valves devices [18, 19] or
magnetic insulators such as YIG [20].
2.4 Spin-dependent charge transport
In a diffusive metal, where the device dimensions are much larger than the electronic
mean free path le, spin-dependent scattering of electrons at magnetic impurities or
at an interface with a ferromagnetic metal leads to many magnetoresistance effects.
The Giant magnetoresistance (GMR) effect, which was initially discovered in what
is called the current in plane (CIP) geometry [21, 22], is one good example. The
current perpendicular to plane (CPP) geometry was latter used to demonstrate spin
accumulation and spin-current phenomena in multilayered magnetic structures.
Although the physics involved in both geometries can be explained by the simple
2-current resistor model, different length scales for the electron and spin transport
are involved. A good review on this topic and the functional dependencies of the
GMR signal on the thickness of the ferromagnet, the non-magnet and le can be found
in Refs.23, 24. In the following we discuss the two-spin channel model in the CPP
geometry and lateral spin valve geometries.
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2.4.1 Two-spin channel model
In ferromagnetic metals, due to a strong exchange interaction, the density of states of
’majority’ carriers N↑(EF ) is shifted in energy with respect to the ’minority’ carriers
N↓(EF ) [ Fig. 2.3(a)]1. This difference in the Fermi-energy density of states in turn
leads to the spin-dependence of the electrical conductivity σ↑,↓ [see Eq. (2.4)]. In
1936 Mott proposed that electrical conduction in ferromagnetic transition metals can
be considered as to occur via two parallel current channels, carried by spin-up and
spin-down electrons [26]. After the experimental validation of this model, in the
1970s, for metallic alloys of transition metals [27–29], a simple parallel resistor model
was used to explain the GMR effect in magnetic/non-magnetic multilayers [21, 22].
The two-current model has been successfully used to explain spin transport in lateral
[30–32] and pillar [18, 33] spin valve structures. When a metallic ferromagnet is
subjected to a voltage bias the total charge current that flows in the bulk can thus be
viewed as the sum of the contributions from each spin channel as Jc = J↑ + J↓, with
the individual contributions from each channel expressed as [30, 34]
~J↑ = −σ↑~∇µ↑ and ~J↓ = −σ↓~∇µ↓. (2.9)
In addition to the charge current, a spin polarized current ~Js = ~J↑ − ~J↓ = PσJc also
flows in the bulk of the ferromagnet, where Pσ = (σ↑ − σ↓)/σ is the spin polarization
of the conductivity. If the two ends of F have an insulating boundary condition for a
spin current, spin accumulation µs = µ↑ − µ↓ effectively results in the splitting of the
individual electrochemical potential as shown in Fig. 2.3(b).
2.4.2 Spin injection, transport and detection
The creation, transport and detection of non-equilibrium spin density form the basis
for a working spintronic device. Injection of spins into a non-magnetic material can
be achieved using various ways, for instance, optical spin orientation [35], spin Hall
effect [32, 36], spin pumping from a precessing magnetization [37, 38], thermally
driven spin injection [39, 40] and electrical spin injection [30, 35, 41]. In electrical
spin injection, initially proposed by Aronov in 1976 [42], a charge current flowing
across a ferromagnet (F)/normal metal (N) interface creates a non-equilibrium spin
accumulation µs, that decays exponentially over the spin-relaxation length λsf, see
Fig. 2.3(b). Such diffusive spin transport and relaxation is well described by the
1By convention, the majority (minority) carriers have their magnetic moment antiparallel (parallel) to
the total magnetization. It is also common to refer to these two types of carriers as spin up and spin down
electrons [25].
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Figure 2.3: (a) Schematic representation of the band structure of a ferromagnetic metal showing
the difference in the density of states for spin up and spin down electrons at the Fermi energy.
(b) Principle of electrical spin injection from a ferromagnet to a normal metal. Due to the
difference in the density of states as in (a) the charge current flowing through F is mostly
carried by the channel with the larger conductivity leading to the pile up (accumulation) of
spins at the F/N interface. The spin accumulation at the F/N interface decays exponentially
both in F and N and, far from the interface, it relaxes back to the equilibrium average chemical
potential. (c) The band structure of a non-magnetic metal (N) with equal number of electrons
populating each spin subband at the Fermi energy.
Valet-Fert spin-diffusion equation as [43]
D∇2µs = µs
τsf
+ ωL × µs + other relaxation mechanisms (2.10)
where λsf =
√
Dτsf is the spin-relaxation length, D is the spin (charge) diffusion
coefficient, τsf is the spin-relaxation time, ωL = gµBB/~ is the Larmor precession
frequency under the application of an external magnetic field B. The first and second
terms on the right refer to spin relaxation and precession, respectively. In systems
where there exists additional spin-flip scattering mechanism, further drain terms
should be included. One case where this is relevant is when a spin-transport device
is fabricated on an insulating magnetic substrate. In such a device the presence of the
magnetic substrate causes spins to interact via the spin-mixing interface conductance
thereby providing parallel spin-relaxation pathways. An experiment of this type is
presented in chapter 6.
Electrical detection of non-equilibrium spin accumulation often requires placing
another ferromagnetic contact in close proximity to the injection point, often within
λsf from the spin-injection point. In the past decade, both the local spin valve
(LSV) and lateral (nonlocal) spin valve (NLSV) geometries have been invaluable in







(a)                   (b)              (c)
Parallel Antiparallel
Figure 2.4: Spin valve effect in CPP local spin valve configuration showing the spin-
electrochemical potentials when the magnetization in the two ferroamgnetic layers are aligned
(a) parallel (P) and (b) Antiparallel (AP) to each other. The spin up (red), spin down (blue)
and the weighted average voltage profiles (black dashed line) are also shown. In the P con-
figuration, the spin accumulations at the F1/N and F2/N interfaces are opposite and hence
cancel. In the AP configuration, the spin accumulation at both interfaces add up resulting
in a splitting in the spin-electrochemical potentials. (c) Typical magnetoresistance curve of a
Ni80Fe20/Cu/Ni80Fe20 nanopillar spin valve showing two resistance states for the parallel
(RP ) and antiparallel (RAP ) configurations. At large negative and positive magnetic fields
both magnetic layers are aligned to the applied field. At intermediate field values, the AP state
is reached when one of the magnetic layers switches resulting in RAP > RP .
understanding spin accumulation and spin-related phenomena as well as optimizing
spintronic devices. More recently other spin detection mechanisms based on the
inverse spin Hall effect in heavy metals are widely used to detect spins in magnetic
insulators [44], topological insulators [45] and even organic materials [46]. In this
thesis the LSV and NLSV devices were used to sense the difference between the
chemical potentials of the two spin channels in all metallic spintronic devices.
Local spin valve (LSV)
In the CPP pillar spin valve, shown in Figure 2.4, two ferromagnetic metals (F1
and F2) are connected in series via a non-magnetic metal (N). The resistance of
the stack, when measured as a function of magnetic field, exhibits two resistance
states corresponding to the parallel (P) or antiparallel (AP) configuration of the
magnetization direction of F1 and F2. In the P (↑↑) configuration [Fig. 2.4(a)], spins
whose magnetic moment is parallel to the F1 layer are injected at the F1/N interface
while being extracted at the F2/N interface. This results in the flow of a constant spin
current across the whole stack and the spin accumulation µs = µ↑ − µ↓ is very small.
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In the AP (↑↓) configuration, however, spins of similar type are injected from both
interfaces thereby causing a large build-up of a spin accumulation in the N–region
[see Fig. 2.4(b)]. The total voltage drop ∆µ = Pσµs/2 is thus the sum of the voltage
drops at the two F/N interfaces, which one measures experimentally as a spin valve
signal (the difference between the parallel and antiparallel resistances).
A typical measurement of the magnetoresistance of a Ni80Fe20/Cu/Ni80Fe20
nanopillar spin valve, at room-temperature, is shown in Fig. 2.4(c) where the percent-
age change in resistance ∆R/R is plotted as a function of the magnetic field. The
total resistance change of 5% is typical for sub 200 nm nanopillar spin valves [18, 19].
Since the discovery of the GMR effect, the local spin valve geometry was used to
investigate the spin-transport properties of several non-magnetic metals, to study
the effect of interface resistances and optimize vertical device architectures for com-
mercial applications. These devices, however, do not allow for direct access to pure
spin current driven phenomena and sometimes contributions from Joule heating,
anomalous Hall effect or anisotropic magnetoresistance effects can complicate the
understanding of pure spin current related effects.
Nonlocal lateral spin valve (NLSV)
To investigate pure spin current related effects such as spin diffusion, spin precession
and interaction of spin current with the magnetic order parameter (spin transfer
torque), the NLSV device geometry is an important spintronic device. It was first
introduced by Johnson and Silsbee in 1985 [41] for bulk Al and later developed in
the beginning of the 2000s by Jedema et al. in nanostructured Py/Cu and Co/Al
devices [30, 47]. It now a standard method to study spin transport in semiconductors
[48], graphene [49] and magnetic insulators [50, 51]. Unlike in the LSV device, the
injection circuit is spatially separated from the detection circuit thereby excluding
any charge related effects. A typical four terminal NLSV device is comprised of
two ferromagnetic wires (F1 and F2 in Fig. 2.5) connected by a non-magnetic metal
(light red). In a conventional spin injection/detection scheme, a charge current Jc
flowing from F1 to the left side of N creates a non-equilibrium spin accumulation
µs underneath the F1/N interface. This exponentially decaying µs, represented as a
splitting in the electrochemical potentials of spin up (µ↑) and spin down (µ↓) electrons,
can be detected by the second ferromagnet F2 as a nonlocal voltage Vnl, which is a
function of the relative magnetic configuration of F1 and F2. The nonlocal resistance
Rnl = Vnl/I exhibits four-abrupt switches corresponding to the P or AP alignment
of the magnetization direction of F1 and F2. Because the detecting electrode senses
the projection of µs underneath the F2/N interface in a direction parallel to its own
magnetization, the detected signal in the P configuration is opposite in sign to the AP









(a)                              (b)
Figure 2.5: Nonlocal spin valve. (a) A charge current from a ferromagnet F1 into the non-
magnetic metal results in the injection of a spin polarized current at the F1/N interface. The
non-equilibrium spin accumulation (shown as a splitting in the spin-electrochemical potential)
diffuses into the two sides of the interface and decays exponentially with a characteristic
length scale λsf. On the right side of the F1/N interface there is no charge current and only
spin current, shown as opposite diffusion of spin up and spin down electrons, flows which
can be detected by a second ferromagnet F2 placed outside the current direction. (b) Typical
nonlocal spin valve measurement at room temperature in a device identical to that in Ref.39.
At large negative and positive magnetic field, F1 ‖ F2 and the measured resistance is larger
than that in the antiparallel configuration. Data from: F.K. Dejene, et al., unpublished.
configuration. The non-zero background (baseline) resistance, commonly observed
in such measurements, is now understood to originate from a combination of current
spreading and thermoelectric effects [52]. In chapter 6 we make use of the NLSV
technique to understand spin transport and spin-relaxation mechanisms when a
magnetic substrate is used instead of non-magnetic substrates. In these devices the
interaction of pure spin current with the magnetic moments of the substrate allows
for the direct control (manipulation) of spin currents.
2.5 Spin-dependent thermoelectrics
Before the emergence of spin caloritronics in its modern form a thermodynamic
description of the coupling between charge, spin and heat transport was introduced
by Johnson & Silsbee in 1987 [53]. Earlier experiments performed in Co/Cu multliay-
ered GMR structures by Shi et al. in 1993 [54] and by the research group of Ansermet
played a pivotal role in the understanding of the origin of spin-dependent thermogal-
vanic effects [55–58]. It was the discovery of the spin Seebeck effect in metallic [59]
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Figure 2.6: The spin-dependent thermoelectric description based on two parallel spin-channels,
one for spin-up (↑) and another for spin-down (↓) electrons, with each spin channel having its
own electrical conductivity σ↑,↓, Seebeck coefficient S↑,↓, Peltier coefficient Π↑,↓ = S↑,↓T0 and
thermal conductivity κ↑,↓ = L0σ↑,↓T↑,↓. The charge and heat current in each spin channel are
related to their respective potential gradient∇V↑,↓ and spin-dependent temperature gradient
∇T↑,↓ by the 4×4 response matrix. Spin injection from a ferromagnet to a normal metal
can be achieved either electrically via the spin-dependent electrical conductivity (top left) or
thermally by the spin-dependent Seebeck effect (SDSE), top right. The reciprocal of the SDSE
is the spin-dependent Peltier effect (bottom left) that links the flow of a heat current to spin
polarized currents carried by spin up and spin down electrons. The spin-dependent thermal
conductivity provides a means to manipulate the flow of heat across an F/N interface that
can be utilized as a magnetic heat valve. Using a single device, it is possible to experimentally
measure all effects related to these spin-dependent matrix elements providing a consistent
picture of spin caloritronics in metallic nanopillars (see chapter 4)
and insulating ferromagnets [40] by the research group of Saitoh that resuscitated
the research field of spin caloritronics. Nowadays, spin caloritronic effects extend to
the investigation of the static and dynamic properties of the coupled flow of charge,
spin and heat mediated by single electron as well as collective excitations (such as
phonons and magnons). In systems consisting of semiconducting and insulating
ferromagnets the collective excitations have significant contribution [60, 61]. In fully
metallic systems, however, the electronic contribution is largely dominant [9]. In
this section we focus on the latter and provide a brief introduction to the orign of
spin-dependent thermoelectric transport effects in metallic systems.
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The two-channel spin-transport model can be extended to include thermoelectric
effects by combining Eqs. (2.2), (2.7) and (2.9), as shown in Fig. 2.6. The total charge
Jc = J↑ + J↓ and heat currents Q = Q↑ + Q↓ are thus comprised of the individual
currents in the spin up and spin down channels with the respective driving forces
~∇µ↑,↓ and ~∇T↑,↓ also becoming spin-dependent. The definition of spin-dependent
temperature in the quasi-equilibrium limit requires that interspin energy exchange is
weak [62, 63]. In addition to the electrical spin injection, discussed in Sec. 2.4.2, we
can see from the matrix in Fig. 2.6 that a temperature gradient can also drive a spin
current (spin-dependent Seebeck effect). Below we briefly discuss the physical origin
these effects and review the recent experimental developments in spin-dependent
thermoelectrics.
2.5.1 The spin-dependent Seebeck effect (SDSE)
In ferromagnetic materials the Seebeck coefficient of the spin-up electrons (S↑) is
different from the spin-down electrons (S↓). This fact becomes clear when looking at
Mott’s relation [Eq. (2.7)] that relates the energy dependent σ with that of the Seebeck
coefficient S. A piece of ferromagnet fundamentally acts as a thermocouple with its
two legs made of the two parallel two spin-channels with spin-dependent Seebeck
coefficients S↑,↓. When a ferromagnet with conductivity σF and Seebeck coefficient
SF is subjected to a temperature gradient ∇T , a closed circuit thermoelectric current
σFSF∇T flows in the bulk of F . The total Seebeck coefficient, in the thermalized
regime when ∇T↑ = ∇T↓, is linked to the spin-dependent counterparts as SF =
(σ↑S↑ + σ↓S↓)/σF . In addition to the charge Seebeck current, a spin current that is
proportional to the spin-dependent Seebeck coefficient SS = S↑ − S↓ flows in the
bulk of the ferromagnet.
At an F/N interface a spin accumulation develops due to the injection of spin
angular momentum (spin current) across the interface. The efficiency of thermal spin
injection solely depends on the bulk spin polarization, Seebeck coefficient and spin-
relaxation length of the ferromagnet as well as the quality of the F/N interface. The
first experimental demonstration of this effect was performed by Slachter et al. [39]
using permalloy/copper NLSV devices. In these experiments, heat current flowing
from a ferromagnet to a normal metal (N) was shown to induce non-equilibrium spin
accumulation in the N which was detected non locally using a second ferromagnet.
A spin-dependent Seebeck coefficient SS of −3.8 µV K−1 was obtained for permalloy,
which is 20% of the charge Seebeck coefficient SF . This was later confirmed in a
specifically designed permalloy/copper and cobalt/copper pillar spin valve devices
with electrically isolated heaters [19, 64] (see chapter 3).
Quantum tunneling based devices such as magnetic tunnel junctions (MTJs) are
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also expected to exhibit large thermoelectric effects due to the strong variations in the
density of states (transmission probability) at the Fermi energy [8]. When a magnetic
tunnel junction is subjected to a temperature gradient, large magneto Seebeck signal
was observed in crystalline MgO based MTJs [16, 65] and amorphous Al2O3 based
MTJs [66]. Furthermore, room-temperature thermal spin injection via the Seebeck
spin-tunneling was also demonstrated in three terminal permalloy/Al2O3/Si het-
erostructures. Thermal spin transfer torque (T-STT), if made efficient enough, can
potentially be used to switch a nanomagnetic layer or more feasibly assist conven-
tional spin transfer toque in future information storage devices [67]. Apart from
earlier experimental signatures of in Co/Cu spin valves [68], unambiguous experi-
mental detection of T-STT are scarce and still remain a difficult challenge in the field
of spin caloritronics. A recent comparative study of STT and T-STT by Flipse et al.
in permalloy/copper pillar spin valves points to the fact that overall heating of the
device remains a bottleneck limiting the efficiency of T-STT. Particularly, distinguish-
ing T-STT induced changes in the switching field from heating induced effects is
difficult without proper heat sinking [69]. Experimental and numerical simulation
of T-STT experiments by Leutenantsmeyer et al. [70] suggests using pulsed laser
heating methods to minimize Joule heating.
2.5.2 The spin-dependent Peltier effect (SDPE)
Similar to the spin-dependent Seebeck effect, one expects that the spin-up and spin-
down channels in a ferromagnet should be able to carry heat individually by virtue
of the spin-dependent Peltier coefficient Π↑,↓ = S↑,↓T0. In the SDPE a spin current
jS = j↑ − j↓ flowing across an F/N interface results in the cooling or heating of the
interface depending on the magnetization direction of the ferromagnet. Consider an
F/N interface through which a spin current flows from the N to F as in Fig. 2.6(b) (top
panel). In the non-magnet, because Π↑ = Π↓, a spin current in N does not transport
heat to/away from the F/N interface. The situation is different in the ferromagnet
where, because Π↑ 6= Π↓, a spin current is associated with a net transport of heat
current QSP that is related to the spin current density js as [34]
QSP = Πsjs/2, (2.11)
where Πs = Π↑ − Π↓ is the spin-dependent Peltier coefficient of the ferromagnet.
The bottom panel in Fig. 2.7(b) shows that the heating or cooling is localized at the
interface and decays exponentially into the bulk of F, with the length scale set by
the spin diffusion length λsf. To experimentally detect the SDPE, a largely sensitive
thermocouple should be placed in close proximity to the F/N interface to which
spins are intentionally injected to. Experimental verification of the spin Peltier effect






















































































Figure 2.7: The spin-dependent Seebeck and Peltier effects at an F/N interface. (a) A heat
current flowing from F to N due to a temperature bias (shown in the top panel) results in the
injection of spin current, the flow spin angular momentum denoted as oppositely diffusing
spin-up (red sphere) and spin-down (blue sphere) electrons. Also shown is the resulting spin
accumulation, shown as a splitting in the electrochemical potential of spin-up and spin-down
electrons, that is proportional to the spin-dependent Seebeck coefficient SS = S↑ − S↓. (b) Top
panel A spin current flowing from the N to the F material. Bottom panel shows the resulting
temperature drop at the interface due to the SDPE where a temperature difference of ∆T
between the F/N interface and the bulk of the ferromagnet is seen. In the N, Π↑ = Π↓ and
heat current carried by spin up electrons (red arrow) towards the interface is canceled by the
opposite but equal heat current carried by spin down electrons (blue arrow). No net heat flows
to/away form the interface. Because Π↑ 6= Π↓ in F, the spin current entering F leads to cooling
or heating of the F/N interface depending on the magnetization direction of F.
requires to have a pure spin current flow across the F/N interface. However, it
is also possible for a combination of charge and spin current to arrive at interface
where a careful design and complete analysis is required to identify contributions
from the conventional Peltier effect. The first direct experimental observation of the
cooling or heating using a spin current was demonstrated by Flipse et al. [18] and
later reproduced in Ref. [19] for various thicknesses of the N layer (see also chapter
4). More recently using an insulating ferrimagnet Yttrium Iron Garnet (YIG) and
Pt bilayer, the spin Peltier effect was also studied in magnetic insulators. A pure
spin current through a Pt/YIG interface induces a torque on the magnons in the
YIG. This effectively raises/lowers the magnon temperature, that when strongly
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interacting with the phonons in the YIG, can change the effective temperature of
the phonons. Experimentally, by placing a thermopile comprising of five Pt-NiCu
thermocouples in series and in close proximity to the Pt/YIG interface, these small
changes in temperature are detected giving information on the equilibration length
of thermal magnons (spin waves) [20].
In Sec. 2.3.2, the Thomson (Kelvin) relation that relates the Seebeck coefficient
with that of the Peltier coefficient was introduced. The verification of the Thomson-
Onsager reciprocity relation (ORR) for the spin-dependent thermoelectric effects,
i.e., ΠS = SST0 was deduced from separate measurements in Refs. 39 and 18. A
thorough investigation of ORR however requires measuring these spin-dependent
quantities both in a single device as well as in the linear transport regime where the
key assumptions for ORR are valid. In chapter 5 such an investigation of ORR is
presented for metallic nanopillar spin valves.
2.5.3 The spin-dependent heat conductivity
When the scattering of electrons from impurities or phonons is mostly elastic, the
electronic thermal conductivity κe of a metal is directly linked to the electrical con-
ductivity σ via the Wiedemann-Franz relation2. The spin-dependence of σ implies
that κe is also spin-dependent—spin up and spin down electron can independently
transport heat. Heat current flowing through F, with a thermal conductivity κF , is
therefore unevenly distributed into each spin channel. In the bulk of F, the heat
current ~Q = −κF ~∇T is hence accompanied by a spin polarized heat current given as
~Qs = (κe,↑ − κe,↓)~∇T = PQ ~Q, (2.12)
where κe↑ (κe↓) is the thermal conductivity of spin up (spin down) electrons and
Pκ = (κe↑ − κe↓)/κF is the spin polarization of the electronic heat conductivity. At
an interface with a non-magnetic metal (in which κ↑ = κ↓) a spin coupled interface
temperature drop ∆T = PκTs/2 arises, that changes sign when the magnetization
direction of F is changed (see Fig. 2.8).
In the thermalized regime, the strong interaction between the electrons (e) and
phonons (ph) ensures that the two spin subsystems are in thermal equilibrium with
equal temperatures (T↑ = T↓). In this case the electron distribution is described by
the Fermi function with a global average temperature that is equal to the phonon
(surrounding) temperature Tph. In the non-thermalized regime, specially at very low
temperatures and/or in nanodevices, the interspin heat exchange can be sufficiently
weak and the excess energy build-up can be parametrized by a spin-dependent
2In metals, the phonon contribution to the thermal conductivity κph is not spin dependent and its
contribution to the total thermal conductivity κ = κe + κph is negligible.









Figure 2.8: Spin heat accumulation (SHA), difference in the effective temperature of spins,
at a ferromagnet/non-magnet interface. The spin polarized heat current in a ferromagnetic
metal (F), when entering into a non-magnetic metal (N), creates an SHA at the F/N interface.
Because the spin polarized heat current has to be equally distributed over the spin channels
in N, a temperature drop occurs at the interface giving rise to an additional heat resistance
that depends on the magnetization direction of F. The SHA decays exponentially to both sides
of the interface with the characteristic spin-heat relaxation (inelastic scattering) length λQ.
Experimental detection of the SHA requires that inelastic scattering processes, that tend to
thermalize the two spin channels via interspin energy exchange, are weak—a requirement that
can be fulfilled at low temperature or at the nanoscale.
effective temperature that is different for spin up (T↑) and spin down (T↓) electrons.
The first experimental measurement of the SHA effect is presented in chapter 4 in
specifically designed nanopillar spin valves where the electron dwell time (τD) in the
normal metal spacer is shorter than the inelastic scattering time. This result paves
way for magnetic control of heat flow at the nanoscale and also provides means to
estimate inelastic scattering length at the Fermi energy.
2.6 Thermoelectric effects in magnetic tunnel junctions
So far we only discussed spin caloritronic phenomena that are solely governed by
diffusive transport of charge, spin and heat. Quantum phenomena such as tunneling
in magnetic tunnel junctions, a stack of two magnetic layers separated by a thin oxide
layer, are also expected to depend on the magnetic configuration [8]. In this section
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we discuss the Peltier effect in a magnetic tunnel junction which is the reciprocal
of the recently observed magneto Seebeck effect demonstrated by Walter et al. [16]
and Leibing et al. [65] in MgO based MTJs and by Lin et al. [66] in Al2O3 based
MTJ. In the experiments of Walter et al., a CoFeB|MgO|CoFeB MTJ (of dimension 1
µm2−150 µm2) was laser heated from the top so as to generate a vertical temperature
gradient. The thermovoltage response of the MTJ was found to depend on the
magnetic configuration of the two CoFeB electrodes, showing a Seebeck coefficient
change ∆S = SP − SAP of −9µV/K. By applying the Thomson-Onsager reciprocity
relation, at room temperature, a change in the associated magneto Peltier coefficient
∆Π = ∆ST0 of 3 mV can be obtained. The associated change in temperature due
the magneto Peltier effect can be calculated by balancing heat generation with heat
diffusion and integrating over the thickness t of the MTJ
∆T = ∆Π · jc · t/κ, (2.13)
where jc is the charge current density sent through the MTJ and κ is the thermal
conductivity of the MTJ. For a typical current of 100 µA (jc ∼ 106 A m−2) and κ of
4 Wm−1K−1 [16], a temperature change of 0.1 mK can be obtained, which can be
detected using a sensitive NiCu-Pt thermocouple. The Peltier effect in a MTJ has
recently been observed in CoFeB/MgO based MTJs [17].
2.7 Graphene
Graphene, a one atom-thick honeycomb lattice of carbon atoms, is known for its
superlatives in almost all of its transport properties [71]. Since its discovery in 2004,
by A. Geim and K. Noveselov for which they shared the 2010 Nobel prize in physics,
graphene has attracted a lot of attention due to its unique electrical, thermal, optical,
mechanical and spintronic properties. It belongs to a new class of materials that
support a linear dispersion relation with no energy band gap at the Fermi energy.
Owing to the small spin-orbit and hyperfine interactions, graphene is also shown
to have very long spin relaxation lengths [49, 72] making it a very good spintronic
material. Together with its remarkably large thermal conductivity [73] and Seebeck
coefficient [74], graphene field effect transistors can be a good platform for the
investigation of spin caloritronic effects in low dimensional systems. This section
introduces the electronic and thermoelectric properties of graphene.
A typical graphene crystal structure consists of two interpenetrating triangular
carbon sublattices, see Fig. 2.9(a). Each atom has three nearest neighbors: the sites of
one sublattice A (marked by red) are at the centers of the triangle defined by three
nearest neighbors of the other atoms at the B site (marked by blue). The hexagonal












Figure 2.9: (a) Crystal structure of graphene showing arrays of carbon atoms arranged on a
hexagonal lattice. The red and blue points represent atoms at the A and B sites, (b) Electronic
band structure (dispersion relation) of graphene in the first Brillouin zone showing the two
non-equivalent valleys, often called the K and K′ points and (c) A close-up at the K-point,
also known as charge neutrality (Dirac) point showing the linear dispersion relation with the
conduction band touching the valence band at the Fermi energy.
crystal structure of graphene is formed by the strong sigma bonds between the sp3
hybridized carbon atoms. The remaining pz orbitals, sticking out of the plane of the
graphene lattice, form the bonding and anti-bonding-pairs with neighboring carbon
atoms. The electronic bandstructure of graphene, calculated by P. R. Wallace in the
1940s [75], unveiled the relativistic nature of carriers which has a linear dispersion
relations [see Fig. 2.9(b), (c)] given as E(k) = ±~vF k, where vF is the Fermi velocity
and k is the momentum. This linear dispersion relation in graphene implies the





where gs = gv = 2 are the spin and valley degeneracies. Unlike in other 2D systems
with parabolic dispersion relation, where the density of states is constant, the density
of states in graphene depends linearly on the energy. Due to disorder and impurities
present in the graphene the density of states at EF is, however, never zero giving
graphene a nonvanishing minimum conductivity at the charge neutrality point
[76, 77]. The charge carrier density n can be obtained by integrating the DOS up to











Figure 2.10: Gate voltage dependence of (a) the electrical conductivity and (b) diffusion
thermopower of single layer graphene calculated using Mott’s relation [see Eq. (2.16)].
2.7.1 Electrical, thermal and thermoelectric properties of graphene
Experimentally, by applying a gate voltage Vg to a SiO2/Si substrate the charge
density n = Cg(Vg − Vd) in graphene, where Vd is the gate voltage at the charge
neutrality point and Cg is the gate capacitance, can be electrostatically tuned from
electrons to holes. The conductivity of graphene is directly linked to n and the
mobility µ of the charge carriers as σ = neµ. The conductivity of graphene has a
finite minimum at the charge neutrality point and smoothly increases and saturates in
the metallic regime, see Fig. 2.10(a). Although this property allows to electrostatically
tune its properties over a wide range of carrier densities, the absence of a band-gap
might restrict its use as conventional transistors. However, its high charge carrier
mobility was shown to provide high frequency ('100 GHz) field effect transistors [78]
making graphene the prime candidate for post silicon nanoelectronic applications.
In terms of its thermal properties, suspended graphene exhibits the highest
thermal conductivity (∼5000 Wm−1K−1) [73]. When graphene is supported by a
SiO2 substrate, the thermal conductivity at room-temperature decreases down to 600
Wm−1K−1 which still is among the largest compared to those of single crystal metals.
Graphene’s thermoelectric transport parameters such as the Seebeck (thermopower)
and Peltier coefficients better reflect the bipolar nature of transport in graphene.
From Mott’s relation [see Eq. (2.7)] and using the electrically measured σ, as shown
in Fig. 2.10(a), one can obtain an expression for the diffusion thermopower (Seebeck
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with kB the Boltzmann constant, e the electron charge, σ the conductivity, ~ is the
reduced Planck’s constant, vF is the Fermi velocity and ∆V = Vg − Vd is the gate
voltage Vg minus the voltage at the charge neutrality (Dirac point) Vd.
Figure 2.10(b) shows the diffusion thermopower SMott calculated from Fig. 2.10(a)
using Eq. (2.16). It shows a gate tunable thermopower S that changes from positive
(in the hole doped regime), crossing through zero (at the charge neutrality point)
and negative (in the electron doped regime). It is also expected, from the Thomson-
Onsager relation, that the Peltier coefficient Π = SMottT0 is also gate tunable and,
combined with its superior thermal conductivity, graphene can be an ideal candidate
for future heat scavenging and management applications. In chapter 7, we present
the investigation of thermoelectric effects in graphene field effect devices where the
first direct electrical measurement of the Peltier effect is discussed. We also compare
these results with separate thermopower (Seebeck) measurements in a single device
and test the validity the Thomson-Onsager reciprocity relation.
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